DNA replication protein Cdc45 is an integral part of the eukaryotic replicative helicase 30 whose other components are the Mcm2-7 core, and GINS. We identified a PIP box motif in 31
the DNA template, thus facilitating replication fork elongation. Though multiple 48 replication proteins have been identified to associate with PCNA in other eukaryotes, this is 49 the first report demonstrating a direct interaction between Cdc45 and PCNA, and while our 50 analysis suggests the interaction may not occur in human cells, it indicates that it is not 51 confined to trypanosomatids. 52 53 Introduction 79
Leishmaniases afflict 12 million people across 88 countries, and are mainly 80 manifested as cutaneous, sub-cutaneous and visceral leishmaniasis. Visceral Leishmaniasis 81 remains a threat due to emerging drug resistance as well as due to risks associated with dual 82 GINS also interact with each other in this complex. As the Mcm2/5 interface forms the gate 104 of the annular Mcm2-7 hexamer that closes once the Mcm2-7 ring has encircled the DNA 105 template, it is concluded that Cdc45 safeguards the closed gate, thus ensuring the template 106 DNA remains within the ring to enable translocation of the helicase during the elongation 107 phase of replication [7] [8] [9] . This forms the basis for the activation of MCM helicase activity 108 by Cdc45-GINS. The replisome that advances with the replication fork comprises a host of 109 proteins including the CMG complex but not the ORC, with data from EM studies 110 identifying a core replisome consisting of 20 subunits [10] [11] [12] [13] . 111
With orthologs of several of the conserved eukaryotic replication proteins being 112 identified in trypanosomatids, DNA replication in trypanosomes seems to broadly resemble 113 that of other eukaryotes. However, that trypanosomatids diverged from other eukaryotes 114 very early on is reflected in the fact that some of the conserved replication proteins are 115 absent [14] [15] [16] . While most of the components of the replication elongation machinery 116
including Mcm2-7, Cdc45, GINS, the DNA polymerases, and PCNA are present [14, 21], the same is not the case with components of the pre-replication complex. Thus, while 118
Orc1 and Orc4 are present, Orcs 2, 3, 5 and 6 have not been found, neither has Cdt1 [22-119 24]. Furthermore, there is evidence of a divergent origin recognition complex (ORC) in T. 120 brucei that comprises Orc1, Orc4, Orc1B (an Orc1-like protein), and two other proteins 121
Tb7980 and Tb3120 that share very little sequence homology with the conserved Orc 122 proteins [14, 19] . The Trypanosoma brucei CMG complex has been found to exhibit 123 helicase activity in vitro, and knockdown of individual components of the T. brucei CMG 124 complex results in defects in DNA replication and cell proliferation [19] . 125
As the Cdc45 protein is highly conserved in sequence among trypanosomatids the 126 Leishmania Cdc45 is expected to behave similarly. However, sequence analysis revealed 127 that the Leishmania Cdc45 protein possesses a PIP box, a motif that is usually involved in 128
Previous studies in T. brucei have shown that Cdc45 is nuclear in G1 and S phase but is 137 cytosolic after G2, and it was proposed that this nuclear export contributed to the 138 prevention of DNA re-replication in the same cell cycle [19] . As Clustal Omega analysis 139 [25] revealed Leishmania donovani Cdc45 to share ~ 43% identity and ~ 60% similarity 140 with Cdc45 from T. brucei and T. cruzi (S1 Fig) we initiated our study with examining the 141 possibility of a similar mechanism of replication regulation existing in Leishmania. The 142 gene encoding LdCdc45 lies on chromosome 33, and in the aneuploid Leishmania 143 donovani 1S genome this chromosome is trisomic [26] . To analyze subcellular 144 localization of the Cdc45 protein we tagged one of the genomic alleles with eGFP using 145 homologous recombination as described in Supplementary Methods, and verified the 146 The effects of Cdc45 depletion on cell growth and cell cycle progression were 154 investigated by creating genomic knockouts as Leishmania cells lack canonical RNAi 155 machinery. The process of making knockout lines was complicated by the fact that there 156 must be three genomic alleles as the gene lies on a trisomic chromosome. Accordingly, we 157 attempted to sequentially knock out all three alleles by homologous recombination, as 158 described in Supplementary Methods. In the first round of homologous recombination we 159 created two individual heterozygous knockout lines where one allele was replaced by 160 either the hygromycin resistance cassette or the neomycin resistance cassette (cdc45 -/+/+ 161 ::hyg and cdc45 -/+/+ ::neo respectively; Figs. 1a and 1b). A second allele in the cdc45 -/+/+ 162 ::hyg line was next replaced with the neomycin resistance cassette to create a double 163 heterozygous knockout line cdc45 -/-/+ (Fig. 1c ). While all attempts to create a true cdc45-164 null failed we were able to successfully create a cdc45-null in a Cdc45 + background 165 (Cdc45-FLAG expressed ectopically from a plasmid in cdc45 -/-/+ cells, described in 166 Supplementary Methods; Fig. 1d ). All the lines were authenticated by PCRs across the 167 deletion junctions at both ends (Figs. 1a-1d). 168
The extent of expression of cdc45 in cdc45 -/+/+ ::hyg and cdc45 -/-/+ cells was 169 determined by real time PCR analyses of RNA isolated from logarithmically growing 170 promastigotes. When cdc45 expression in the knockout cells relative to in wild type cells 171 was quantitated using the 2 -ΔΔC T method [28] it was 172 found that while expression in cdc45 -/+/+ ::hyg cells was ~ 0.7 fold that seen in wild type 173 cells, expression in cdc45 -/-/+ cells was only ~ 0.2 fold that seen in wild type cells ( Fig. 2a ) 174 -suggesting that the three alleles may not be equivalently expressed. Analysis of the 175 growth patterns of the single allele knockouts cdc45 -/+/+ ::hyg and cdc45 -/+/+ ::neo revealed 176 that both these lines grew similarly, growing slower than control cells and never reaching 177 the same cell density as controls, but reaching stationary phase at around the same time as 178 control cells ( Fig. 2b left panel) . The double allele knockout cdc45 -/-/+ cells grew even 179 slower, reaching stationary phase a day later ( Fig. 2b right panel) . The slower growth of 180 cdc45 -/-/+ cells was linked to an increase in generation time to ~16.55 h as compared to 181 ~9
.43 h in case of control cells (Fig. 2c) . 182
To assess the effect of Cdc45 depletion on cell cycle progression we synchronized 183 cells with hydroxyurea at G1/S, released the cells into S phase, and monitored their 184 progress across S and G2/M and thereafter back into G1 by flow cytometry analysis at 185 various time-points. The patterns observed were distinctive ( Fig. 2d ). cdc45 -/+/+ ::hyg cells 186 entered S phase smoothly and reached mid-S phase at rates comparable to control cells, 187 thereafter slowing down and beginning to re-enter G1 ~ two hours later than control cells. 188 cdc45 -/-/+ cells showed a more acute phenotype, with cells entering and reaching mid-S 189 phase later than usual, in general navigating S and G2/M phases much slower, and 190 beginning to re-enter G1 phase ~ four hours later than control cells. Analysis of cdc45 -/-/+ 191 cells by pulse-labeling with EdU at different time-points after release from HU-induced 192 block and evaluating the EdU uptake (described in Methods), confirmed that depletion of 193 Cdc45 leads to aberrant DNA replication patterns, with the process of DNA synthesis 194 being more protracted ( Fig. 2e ). 195
Defective phenotypes associated with Cdc45 depletion are rescued by ectopic expression 196
of Cdc45 197 To confirm that the defective phenotypes observed were due to Cdc45 depletion 198 we expressed Cdc45-FLAG in cdc45 -/-/+ cells ectopically (described in Supplementary 199
Methods; western blot analysis of whole cell extracts of transfectant cells in Fig. 3a) and 200
analyzed the growth and cell cycle patterns of these cells. We found that episomal 201 expression of Cdc45-FLAG in cdc45 -/-/+ cells permitted the cells to grow at rates similar to 202 wild type cells (Fig. 3b) , and promoted normal cell cycle progression, with cells traversing 203 S phase and G2/M and re-entering G1 phase in timely manner (Fig. 3c ). These data lead us 204 to conclude that the phenotypes of cdc45 -/-/+ cells are due to Cdc45 depletion. 205
Survival of the cdc45 -/-/+ parasites within host macrophages was examined by 206 infecting macrophages with metacyclic parasites, and analyzing the number of intracellular 207 parasites right after infection as well as 24 hours and 48 hours later. We observed that 208 while cdc45 -/-/+ promastigotes were able to infect macrophages to similar extent as control 209 parasites, they were subsequently unable to propagate to the same extent. The ectopic 210 expression of Cdc45-FLAG in cdc45 -/-/+ parasites partially rescued these defects ( Fig. 3d ). 211
The reasons for a partial rescue are not clear; it is possible that the levels/extent of ectopic 212 expression in the intracellular parasites varies from one to the other, leading to variable 213 propagation rates. 214
Analysis of LdCdc45 structure 215
Multiple sequence alignment of LdCdc45 with Cdc45 of other eukaryotes revealed 216 LdCdc45 the presence of a PIP box (QRKLVEF) was detected between residues 500-506. 220
This PIP box was conserved in all Leishmania species and was found in T. cruzi also, but 221 not in T. brucei (S1 Fig Cdc45 and GINS also interacting with each other in this complex. When the crystal 244 structure of human Cdc45 (at 2.1 Å) was subsequently published [9] the protein was found 245 to harbor twenty α-helices and eleven β-strands, designated α1-20 and β1-11. We identified 246 the PIP box (residues 308 to 314) to localize to the α12 helix ( Fig excluded from the obtained model (marked by arrowheads in Fig. 4b 
upper right panel). 264
It was observed that while the α12 helix of the CID was conserved in LdCdc45, the PIP 265 box of LdCdc45 did not localize to it. Rather, it was placed on the opposite face of Cdc45 266 with respect to the CID, suggesting its availability for interactions with PCNA. 267
Cdc45 interacts with PCNA in whole cell extracts and in vitro via the PIP box 268
As the LdCdc45 PIP box appeared to be favourably positioned for interaction with 269 map they identified the GINS-binding surface of Cdc45 to be composite, comprising the 297 α2, α3, α9, α16, β2 and β6 regions. All of these regions were conserved in the LdCdc45 298 structure we obtained in modeling studies, and the PIP box did not localize to any of these 299 regions ( Figure 4a upper right and lower panels). Therefore, the PIP mutations were not 300 expected to negatively impact Cdc45-GINS interactions either. This was experimentally 301 examined by direct pull-downs between the recombinant Cdc45 and Psf1 (GINS subunit 302 interacting with Cdc45) proteins as no antibodies to GINS subunits were available. For this, 303
the Leishmania donovani psf1 gene was cloned as described in Supplementary Methods, 304 and sequenced (GenBank Accession no. MN612784). The recombinant Psf1 was used in 305 the pull-down reactions, and as seen in western blot analysis, MBP-Cdc45Δ1-480 and 306 MBP-Cdc45-PIPΔ1-480 associated with Psf1 to comparable degrees (S4c Fig). Taken 307 together, these data illustrated that the PIP mutations did not perturb the integrity of the 308 CMG complex. 309
Cdc45 PIP box is essential for Leishmania cell survival 310
The physiological importance of the Cdc45-PCNA interaction and the Cdc45 PIP fact that the cells were non-replicating at this stage. Upon examining chromatin-bound 331 protein fractions of cells two hours after release from hydroxyurea-induced block we 332 observed that while the amount of chromatin-bound PCNA was significantly higher in both 333 cell types (in keeping with the fact that both cell types had now entered S phase, with 334 cdc45 -/-/+ ::Cdc45 cells advancing more than cdc45 -/-/+ ::Cdc45-PIP cells), the amount of 335 chromatin-bound PCNA was significantly higher in cdc45 -/-/+ ::Cdc45 cells ( Fig. 7c and 7d) . 336
These data suggest that the Cdc45-PCNA interaction that is mediated by the PIP motif of 337 against the human Cdc45 crystal structure the PIP box of S. pombe Cdc45 was found to lie 370 away from the CID, in the extension of the α16 helix ( Fig. 8a ). Considering this fact, we 371 investigated the importance of the Cdc45 PIP motif in S. pombe by carrying out 372 complementation assays using the S. pombe sna41 goa1 strain, a kind gift from Prof. Hisao 373
Masai. This strain is a cdc45 ts mutant that grows at 25°C, but not at 37°C (unlike wild type 374 S. pombe which thrives at 37°C; [33, 34] ). 375
To carry out complementation experiments the Leishmania Cdc45-FLAG (wild 376 type and PIP mutant) and SpCdc45 (wild type, non-tagged) proteins were expressed in 377 sna41 goa1 at 25°C (described in Supplementary Methods; Fig. 8b shows western blot 378 analysis of expression of Cdc45-FLAG and Cdc45-PIP-FLAG in two clones of each type). 379
The ability of the Leishmania Cdc45-FLAG proteins to overcome the growth defects of the 380 sna1 goa1 cells was examined by streaking out the clones on EMM2 agar plates with 381 necessary supplements, and incubating the plates at 25°C, 30°C and 37°C. It was observed 382 that while SpCdc45 was able to rescue the growth defects of sna1 goa1 cells at 37°C, neither 383
LdCdc45-FLAG nor LdCdc45-PIP-FLAG could do so ( Fig. 8c ). While it is unclear why 384 the wild type LdCdc45-FLAG is unable to complement the cdc45 ts mutation in sna1 goa1 385 cells, it is possibly linked to the fact that the Leishmania GINS subunits have a somewhat 386 different structure from those of S. pombe. Therefore, LdCdc45 may not be able to interact 387 with S. pombe GINS in a productive manner, and an active CMG complex involving 388
LdCdc45 may not form in S. pombe. 389
Hence, to analyze the importance of the Cdc45-PIP motif in S. pombe we created an 390 S. pombe Cdc45-PIP mutant protein. The SpCdc45 PIP sequence QEWLHNFY was 391 mutated to AEWAHNAY and the mutant protein expressed with a C-terminal His tag in 392 sna1 goa1 cells (western blot analysis of SpCdc45-PIP seen in Fig. 8d ). When 393 complementation analysis was carried out as earlier at 25°C, 30°C and 37°C, it was found 394 that while wild type SpCdc45 complemented the inherent growth defects of sna1 goa1 the 395 SpCdc45-PIP mutant protein did not (Fig. 8e ). These data lead us to conclude that the 396 Cdc45 PIP motif is essential not only for survival and propagation of Leishmania but for 397 the survival and propagation of S. pombe as well. finger domain that is located at the inter-hexamer interface, signifying its involvement in 443 MCM double hexamer formation. 444
In pursuit of the possible in vivo role of the Cdc45-PCNA interaction we took into 445 consideration previous biochemical and structural studies (including single particle electron 446 cryo-microscopy studies) which have revealed that DNA pol ε (the leading strand DNA 447 polymerase) interacts directly with the CMG complex as it moves along the leading strand. interaction between CMG and DNA pol δ (the lagging strand polymerase) has been 453 reported, CMG interacts with Pol α on the lagging strand indirectly through the adaptor 454 protein Ctf4 (chromosome transmission fidelity; first identified in yeast screens, [10, 12] . 455
Using in vitro replication assays with yeast proteins Yeeles et al [45] showed that while 456 DNA polymerase δ was important for initiating leading strand replication, replication 457 elongation was efficiently continued by DNA polymerase ε. Secondly, PCNA was critical 458 to maximal rates of leading strand DNA synthesis by DNA polymerase ε. The authors 459
proposed that while the CMG -Pol ε interaction may be responsible for hitching Pol ε to 460 the advancing replication fork, the PCNA -Pol ε interaction increased the processivity of 461 the polymerase during DNA synthesis per se, thus increasing the replication rate 462
considerably. Thus, the unwinding of the DNA duplex by CMG remains tightly coupled to 463 the synthesis of DNA by Pol ε. Based on experimental results presented in Figure 7 of this 464 manuscript we hypothesize that the Cdc45-PCNA interaction may further stabilize the 465 interaction of DNA pol ε with CMG, thus anchoring the polymerase more firmly with the 466 advancing leading strand replisome and maximizing efficiency of DNA synthesis (Fig. 9) . 467
The Cdc45 PIP box was found to be essential for Leishmania cell survival, as the 468 Cdc45-PIP mutant protein did not rescue the severe defects associated with Cdc45 469 depletion ( Fig. 6 ) and ectopic expression of Cdc45-PIP protein did not support knockout of 470 the third genomic allele in cdc45 -/-/+ cells. Complementation assays revealed that the S. 471 pombe Cdc45 PIP box was also essential for cell survival (Fig. 8) , implicating the 472 importance of a PIP-mediated Cdc45-PCNA interaction in S. pombe also. Separate detailed 473
investigations are necessary to ascertain if Cdc45 and PCNA interact in S. pombe and 474
Drosophila. The findings presented in this paper underscore the fact that there are diverse 475 facets in modes of DNA replication among eukaryotes even though the process is broadly 476 conserved across them, also pointing to the relevance of studying this process in non-477 conventional eukaryotes like Leishmania. 478
Materials and Methods 479

Leishmania cultures and manipulations 480
Leishmania donovani 1S promastigotes were cultured as earlier [22] in medium M199 481 
EdU labeling analysis 507
EdU labeling analysis was performed as described [46] . Briefly, promastigotes 508 were incubated in 5 mM hydroxyurea for 8 hours, released into drug-free M199, and cell 509 aliquots removed at different time intervals thereafter for 15 minute pulses with 5-ethynyl-510
2-deoxyuridine (EdU). EdU uptake was detected with the help of the Click-iT EdU 511
Imaging Kit (Invitrogen) followed by imaging of cells using a LeicaTCS SP5 confocal 512 microscope with a 100X objective. 513
Macrophage infection experiment 514
J774A.1 cells were infected with Leishmania metacyclics as described [46] . Three 515 biological replicates of the experiment were set up and the mean values of the three 516 experiments are presented in a bar chart, with standard deviation being depicted by error 517 bars. The significance of the data obtained was analyzed by applying Student's t-test (two-518 tailed). 519
Homology modelling and structural analysis 520
The structures of Leishmania and Schizosaccharomyces pombe Cdc45 were built 521 using Phyre2 via homology modeling in normal mode (http://www.sbg.bio.ic.ac.uk/phyre2) 522 and were visualized and further analyzed using PyMOL (http://pymol.org). In both cases, 523 the two most reliable 3D models that were obtained were against Saccharomyces cerevisiae 524
Cdc45 (PDB ID: 3JC6 [47]) and human Cdc45 (PDB ID: 5DGO [9]). As the coverage and 525 percent identity were in similar range (Leishmania Cdc45: 82% coverage with 25% identity 526 against 3JC6, 77% coverage with 23% identity against 5DGO; Schizosaccharomyces 527 pombe Cdc45: 99% coverage with 38% identity against 3JC6, 99% coverage with 32% 528 identity against 5DGO), and the 5DGO was a crystal structure determined at a higher 529 resolution than the 3JC6 electron microscopy structure (2.1 Å versus 3.7 Å), the 3D 530 models obtained against human Cdc45 was considered for further analysis. An additional 531 factor that was considered was that human Cdc45 has a PIP motif, while ScCdc45 does not. 532
Chromatin binding analyses 533
Isolation of soluble and DNA-associated protein fractions from promastigotes was 534 carried out as detailed earlier [31] . The fractions (S1, S2: soluble fractions; S3, S4: DNA-535 associated fractions) were analyzed by probing them in western blots. 536
Immunoprecipitations and pulldowns 537
Whole cell lysates were isolated from logarithmically growing transfectant 538
Leishmania promastigotes (2 x10 9 cells) expressing either Cdc45-FLAG or Cdc45-PIP-539 FLAG from plasmids pXG/Cdc45-FLAG and pXG/Cdc45-PIP-FLAG respectively, and 540 two-thirds of the isolated lysates were used for immunoprecipitation analysis. For PCNA 541 immunoprecipitations, the anti-PCNA antibodies (10 µl; raised in rabbit previously in the 542 lab [21]) were first bound to protein A sepharose beads (40 µl protein A sepharose/CL6B 543 sepharose 1:1 slurry mix) by incubation on ice for one hour with periodic mixing. This was 544 followed by washing of the beads with 1XPBS-0.1%TX-100 to remove unbound antibody 545 fraction, and adding the cell lysates that had been treated with 50U of DNaseI. 546
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